Heating soil during intense wildland fires or slash-pile burns can alter the soil irreversibly, resulting in many significant long-term biological, chemical, physical, and hydrological effects. To better understand these long-term effects, it is necessary to improve modeling capability and prediction of the more immediate, or first-order, effects that fire can have on soils. This study uses novel and unique observational data from an experimental slashpile burn to examine the physical processes that govern the transport of energy and mass associated with fire-related soil heating. Included in this study are the descriptions of 1) a hypothesized fire-induced air circulation within the soil, and 2) a new and significant dynamic feedback between the fire and the soil structure. The first of these two hypotheses is proposed to account for the almost instantaneous order-of-magnitude increase in soil CO 2 observed during the initiation of the burn. The second results from observed changes to the thermal conductivity of the soil, thought to occur during the fire, which allow the heat pulse to penetrate deeper into the soil than would occur without this change. The first ever X-ray computed tomography images of burn area soils are consistent with a change in soil structure and a concomitant change in soil thermal conductivity. Other ways that current technology can be used to aid in improving physically-based processlevel models are also suggested.
carbon effects are long-term, often lasting years to decades (e.g., Bissett and Parkinson 1980 , Amiro et al. 1999 , Tiedemann et al. 2000 , Litton et al. 2003 , O'Neill et al. 2003 , Gough et al. 2007 . Such long-term fire-related changes to the status of soil carbon and the soil's ability to cycle carbon have implications to global climate (e.g., Page-Dumroese et al. 2000 , Richter et al. 2000 . In addition, the physical changes to the soil surface (altered albedo and increasing potential for enhanced convection due to increased surface heating) may also affect local atmospheric circulations and precipitation patterns (e.g., Beringer et al. 2003, Mölders and Kramm 2007) . To better understand these long-term post-fire soil effects requires careful consideration of the immediate or first-order effects that severe heating during intense fires can have on soils.
Because all first-order fire-related effects on soils are the result of soil heating, this study focuses on the critical processes that govern the transport of energy and mass during more extreme fires, with the intent of providing guidance for developing the next generation of models of soil heating during such fires. As far as possible, this paper emphasizes observations, data, and current and developing technology to elucidate the issues and physical processes involved with fire-related soil heating. In so doing, we hope to advance the modeling capabilities and prediction of fire effects, and to make those advances accessible to researchers and land-managers and their support agencies and institutions.
first-order fire physicAl effects on soils

Overview
First-order fire effects include tree mortality, consumption (or oxidation) of surface and soil organic material, emissions of particulates and trace gases produced during the fire, and soil heating. Improving our ability to quantify these first-order effects and to predict their consequences requires improving our ability to measure and model the physical and chemical processes that occur during fires. In the case of soils, this largely involves measuring and modeling the flow of energy and mass through the soil matrix during a fire.
For soils, the general theory of thermal energy (heat) flow has been well known for decades (see van Wijk and de Vries 1963 , Aston and Gill 1976 , Nerpin and Chudnovskii 1984 . But using this theory to develop a model of the soil heating associated with a fire requires specifying the initial state of the soil (the model's initial conditions) and the surface thermal forcing associated with the fire (the model's boundary conditions, or more specifically, the heat flux, G, imposed at the soil surface by the fire).
Initializing a one-dimensional model of heat flow in a soil is relatively straightforward given the initial (pre-fire) vertical profiles of soil temperature, soil moisture, and the thermal properties of the soil, all of which are amenable to direct measurement and mathematical parameterization (Kay and Goit 1975 , Farouki 1986 , Campbell et al. 1994 . Unfortunately, the surface boundary conditions (or the soil thermal forcing functions) are difficult to know precisely for any given fire and may be impossible to generalize from one fire to the next (e.g., Stewart et al. 1990 , Haiganoush et al. 2000 . Spreading wildland fires, as opposed to stationary slashpile burns, can further complicate formulating boundary conditions because these fires may also require mathematical descriptions of the surface variations of the combustible fuel and the horizontal movement of the fire front (e.g., Oliveira et al. 1997) . Nevertheless, the boundary conditions of the current version of the First Order Fire Effects Model (FOFEM 5.0) include specific parameterizations for the soil thermal properties and soil heating rates and can predict reliable soil temperatures during fires (Reinhardt 2003) . But because FOFEM is designed for large-scale or stand-level simulations, it predicts average soil heating across a user-specified area. So FOFEM's ability to resolve the fine detail that characterizes the heating of highly variable soils and soil surface conditions is limited.
In addition to specifying the initial and boundary conditions, models of fire-induced heat penetration into soils also need to be coupled to models describing the vaporization of soil moisture and the subsequent transport of water vapor by possible fire-induced air currents within the soil. (A conceptual model of fire-induced air flow in soil is presented in a later section.) Such fire-associated air motions will transport and redistribute other trace gases and thermal energy within the soil. To date, advective air flows have not been incorporated into any model of soil heating during fires. This absence may, at least in part, account for why accurate simultaneous simulations of soil temperatures (heat flow) and water vapor (or mass) transport during a fire remains a significant challenge (e.g., Campbell et al. 1994 , Campbell et al. 1995 . Nonetheless, despite the complexity and difficulty of modeling heat and mass flow through a soil during a fire, the need for and use of such models will remain high because they are the principal method for assessing the risk of a negative consequence from soil heating by fire (e.g., Stewart et al. 1990 , Haiganoush et al. 2000 .
Besides direct soil heating and possible induced advective air flows, there are other firstorder soil effects associated with fire. These include changes to bulk density, mineralogy, soil structure and other physical properties, the formation of a hydrophobic layer, the formation of an ash layer, and alterations to the otherwise normal (daily and seasonal) soil moisture and water relationships and heating regimes (Ketterings et al. 2000 , Badia and Marti 2003 , Seymour and Tecle 2004 , DeBano et al. 2005 .
Including all the above processes into a comprehensive dynamic model of soil heat and mass flow during a fire is not possible at present. But, as outlined in the remainder of this study, it is possible to examine these effects and related processes in greater detail than in the past.
Soil Heating during Fires: Surface Boundary Conditions
The best known metric for estimating the degree of soil heating and its consequences is the soil temperature achieved during a fire (e.g., Figure 1 ). Soil temperature is a convenient metric because it is easily measured during a fire (pre-fire installation is required, of course). But soil temperature is more a consequence of soil thermal forcing than the driving variable itself. Improving predictive models of fire-related heat penetration into soils requires the ability to quantify soil heat conduction and radiation absorption, which are the physical processes responsible for the thermal energy flow through the soil surface during a fire. The surface boundary condition is always formulated in terms of the thermal energy at the soil surface. But within the soil matrix, the vaporization, transport, and possible recondensation of water also need to be considered to accurately predict soil temperatures. Describing this latent energy transfer requires the ability to describe the soil moisture dynamics during the fire, which is discussed in more detail in the following mass transport section.
The difficulty with formulating the thermal forcing (soil surface heat flux) results from the imprecision inherent in 1) characterizing the thermophysical and radiative properties of the surface, and 2) formulating the dynamic aspects of the thermal forcing. The first issue requires knowledge of the amounts and types of organic (litter and duff) and mineral materials comprising the soil surface, the physical structure of the soil surface (porosity, micro-roughness, etc.), the surface moisture status, and how these variables determine the reflectivity, transmissivity, absorptivity, and thermal properties of the surface. The second issue in-volves describing the duration and type of energy (radiant or conductive) to which the soil is exposed. This factor can depend critically on whether the fire is stationary (e.g., slashpile burn) or dynamic (e.g., a wind-driven fire front associated with a wildfire or maybe a prescribed burn). In the case of a slash-pile burn, for example, the soil directly beneath a slash pile is likely to be exposed almost exclusively to conductive energy from the burning material, whereas the soil outside the pile area is likely to receive mostly radiant energy. But in the case of a dynamic fire front, the thermal forcing is likely to be far more difficult to partition in a simple area-based manner or to formulate in time. For a moving wildfire or prescribed burn, the area (of exposed soil) ahead of the approaching fire front will likely receive increasing radiant energy until the fire front arrives; during the time the fire front passes over this area it is likely to be exposed to both types of energy; and as the fire front passes, the radiant energy flux will diminish, but the conductive forcing could either increase or decrease depending on the amount of burning material that remains in contact with the soil. Consequently, we might expect greater uncertainties with the boundary conditions for modeling soil heating during a wildfire than during a slashpile burn.
Although the model boundary conditions are obviously difficult to formulate precisely, Figure 1 . Temperature thresholds and ranges associated with various fire effects on soil organic matter and some soil nutrients. This figure is an expanded and updated version of Figure 8 of Hungerford et al. (1991) and Figure 7 of Ryan (2002) . Also see Figure 8 .8 of Walker et al. (1986) and Table 1 of Moody and Martin (2009). they are amenable to investigation with current technology. Figures 2 and 3 present examples of how the radiant and conductive surface energy fluxes were partitioned during a slash-pile burn. The surface radiant energy, G rad (0, t) , is shown in Figure 2 at six different radial distances from the edge of the slash pile. (Note: 1) That the radiant energy is measured outside the slash-pile burn area. 2) Not all of the radiant energy would have necessarily been absorbed by the soil because some of it would have been reflected away from the surface. So this figure presents the maximum radiant soil surface heating rate that could have been achieved during this slash pile burn. 3) G is used here to refer generically to soil heat flux , t = time [s] , and the 0 refers to the soil surface or a depth of 0 m into the soil.) The surface conductive heat flux, G con (0, t) , is shown in Figure 3 and was inferred from measurements made with soil heat flux transducers buried at 0.02 m depths beneath the slash pile.
The ideal upper boundary condition for modeling soil heat flow during a fire is a linear combination of G con (0, t) and G rad (0, t) that can be determined from the type of fire and the physical properties of the surface. Unfortunately this ideal may never be completely achieved. But, as Figures 2 and 3 demonstrate, it is currently possible to make measurements Figure 2 and inferred from soil heat flux transducers manufactured by Thermonetics Corporation (La Jolla, California, USA) and buried at a soil depth of 0.02 m. These sensors, their temperature sensitivities and calibrations, and thermal conductivity effects are described by Massman and Frank (2004) . These heat flux data include corrections for underestimations in the true heat flux caused by incomplete contact with the soil (e.g., Sauer et al. 2003) and for the time lag between the heating observed at 0.02 m depth and the forcing at the surface. Negative fluxes indicate that the heat flow is downward or into the soil.
of the type necessary for improving formulations of model boundary conditions for simulating heat flow during fires. In particular, and concurrent with measurements of soil temperature, measurements of both G con (0, t) and G rad (0, t) should be made inside and outside slash-pile burns, and, if possible, for prescribed burns as well. Improving a fire model's parameterization for soil heating (the surface boundary condition) would then be possible by comparing the observed and predicted soil temperatures and evaluating different formulations of that boundary condition. Improving models of the soil heat flux during fires will lead not only to improved modeling capability and improved understanding of the thermal impacts of fire on soil, but also to improved understanding and modeling of the mass (and soil moisture) transport in soils during fires.
Mass Transport within Soils during Fires
Mass transport in soils occurs by molecular diffusion and air movement through the soil. These two processes occur naturally whether there is a fire or not. Nonetheless, fire has the potential to enhance these processes significantly by increasing the rate of molecular diffusion, which increases as temperature increases, and by creating advective air currents in soils. An example of these air currents can be easily be imagined (or hypothesized) for the case of a burning slash-pile (see Figure  4) . Such a fire is usually ignited near the bottom of the pile and very quickly intensifies to the point that the whole (external) portion of the pile is burning. During the period of intensification, the convective air currents above the pile will also intensify and thereby intensify horizontal inflow above the soil outside the pile. This accelerating horizontal air flow will lead to a localized pressure drop at the soil surface in the area outside the burning pile, thereby "pulling" the air from the soil around the pile and from the soil underneath the pile. In turn, this will set up a pressure differential inside the soil underneath the pile, which will then "pull" the air inside the pile into the soil. To complete this induced circulation, there must also be some near-surface return flow into the pile, but this part of the flow could be extremely complex due to physical arrangement of burning and non-burning (interior) pile material. In addition to this localized pressure differentials associated with the intensifying convective air currents, the radiant energy impinging on the soil surface outside the pile area will very quickly add to (or maybe even independently create) the effect by causing the near-surface soil air to expand as it is heated. (From Figure 2 , it can be surmised that the soil heat flux within a couple meters of the edge of the pile could well exceed normal soil heat flux by a factor of 10 or more.) As the near-surface soil air expands (out of the soil) it will again create a pressure differential in the soil that will tend to "pull" air upward from deeper or cooler soil layers, thereby enhancing (or maybe causing) this secondary air circulation from inside the pile and through the soil. The existence of this fire-induced soil air current was suggested from the data shown in the next two figures. Figure 5 shows the temporal evolution of soil moisture during the slash-pile burn discussed above (Figures 2 and 3) . (We wish to emphasize here that these soil moisture data are the first in situ observations of moisture dynamics during a slash-pile burn, and consequently are not completely free of error or uncertainty. See the Appendix for further details concerning these data and the performance of the instruments.) The two time series at 0.15 m depth show some indication of soil moisture increasing and then decreasing during the fire. But the support for a similar fire-driven transient in soil moisture at 0.05 m depth is weaker.
This type of soil moisture transient is consistent with the hypothesis that moisture, vaporized during the heating of the soil or generated These data were obtained using a specially designed high-temperature TDR (Zostrich Geotechnical; Pullman, Washington, USA). The design of this particular probe is fairly standard, but the material used to house the steel needles and the connectors attaching them to the coaxial (data/signal) cables had a much higher melting temperature than normal. Additionally, those external portions of the coaxial cables that were likely to be exposed to high temperatures were wrapped in silicon tape. The data gaps at the center location result from eliminating some extremely noisy data during the burn. The cause of this noise is not known, but we speculate that it could have resulted from (1) sensor damage, which was confirmed for at least one probe (at 0.15 m) during laboratory tests performed several months after it had been retrieved from the field, or (2) change in the internal impedance of the TDR probes due to sensor warming in the presence of soil moisture. Note that these data include an empirical correction for temperature effects on the TDR measurements (see Appendix). Consequently, some of the variability in the measured soil moisture during the burn is a result of inaccuracies of the corrections.
within the pile during the burn, is carried into the soil by the fire-induced circulation where it recondenses on the cooler soil particles.
As the soil heating continues to lower depths, the soil moisture is again vaporized, causing it not only to decrease but, as the data at the 0.05 m depth under the center of the slash pile indicate, to almost completely vanish. Of course, whenever water is vaporized or condenses within the soil, latent energy is exchanged between the water and the soil matrix, thereby coupling soil heating with moisture transport. This coupled system is the basis for describing a soil water vaporizationtransport-condensation-revaporization (VTCV) process, which has been modeled and tested using soil moisture data obtained during burns performed in laboratory settings (Campbell et al. 1995) . Both the laboratory data and the model show temporal behavior and also suggest that the VTCV interpretation is plausible. But the only transport mechanism included in the soil moisture model is vapor diffusion, which without advective air flow may explain why the model consistently underpredicted the amplitude of the soil moisture transient (Campbell et al. 1995) . Figure 6 provides a more convincing case for the existence of advective flows in soils at least during slash-pile fires. This figure shows the temporal evolution of the soil CO 2 during the same April 2004 slash-pile burn. The most remarkable feature of these data is the rapid (almost instantaneous) increase in soil CO 2 after the fire was initiated. In less than half an hour after this burn was started, the soil CO 2 under the slash pile increased from about 800 ppm (CO 2 density of about 1.1 g m -3 ) to over 20 000 ppm (or about 26.8 g m -3 ), exceeding the maximum range of the CO 2 gas analyzer. Diffusion alone cannot account for such a rapid increase in soil CO 2 at both the 0.05 and 0.15 m depths. This can be most easily seen during the recovery period when diffusion probably dominates and the CO 2 levels begin to fall and approach their original pre-fire values. This recovery period literally takes days. Consequently, it is more likely, during the period of rapidly increasing soil CO 2 , that the initial combustion released large amounts of CO 2 , which were then carried almost immediately into the soil by fire-induced air flows. Although this is one interpretation of the CO 2 data, we cannot be completely sure what path the combustion-generated CO 2 followed to those soil depths. Aside from purely advective flow paths through the homogeneous porous soil, it is also possible that there are preferred conductive paths in the soil in the form of cracks, which could have formed as the backfilled soil settled after burying the instruments These data were obtained from a 30 s sampling period every half hour from a flow of soil CO 2 drawn through a tube and into an infrared gas analyzer (LiCor 820; Lincoln, Nebraska, USA) using a pump downstream of the analyzer. The maximum concentration that the instrument can measure is 20 000 ppm, which was exceeded in less than 30 min after the fire was initiated. These data appear on the graphs as horizontal lines (approximately) between days 117.4 and 119.
and constructing the slash pile over them. If this is the case, then the combustion-generated CO 2 would likely have followed such a preferred (or less resistive) path. But even the existence of preferred paths does not negate the possibility of advective flows in the soil. In general, these data strongly suggest that slashpile burns not only induce convective atmospheric currents, but soil advective or convective flows as well. Because other burn types, e.g., wildfires and prescribed burns, create convective air flows, it is likely that they too can induce advective flows in soils, but the strength and scale of these flows will vary with the intensity and scale of the fire.
Before summarizing this section, it is worthwhile to explore some of the possible consequences of exposing the soil fauna to such abnormally high amounts of CO 2 . For the present study, the peak soil CO 2 amount was estimated by fitting the decaying branch of the CO 2 time course (right hand portion of the curve in Figure 6 ) with two different models and then extrapolating these model fits back in time to the point of the initiation of the fire. The two models used for curve fitting were: a simple exponential decay model and a model based on a decaying solution to the one-dimensional diffusion equation with a step function as the initial condition. The results from these models were similar and yielded an estimated maximum CO 2 amount in the soil between 60 000 and 200 000 ppm. The duration of such high soil CO 2 amounts is much more difficult to estimate. But the fire burned vigorously for several hours, so any exposure to high amounts of CO 2 (we speculate) could easily have been maintained for 12 h to 24 h. (Note: Figure 6 indicates that the CO 2 level at the center of the slash pile exceeded 20 000 ppm for over 50 h.) Exposure to amounts of CO 2 this high for this period of time is likely to been fatal to a great many soil organisms long before the maximum in soil temperature occurred.
Although these soil CO 2 results are the first of their kind for slash-pile burns and wildfires, they are not the first observations of soil CO 2 during a fire. In a study of the impacts of prescribed burning, O'Brian et al. (2006) found that within the nesting cavities of ground nesting parrots, CO 2 amounts reached approximately 2100 ppm CO 2 for 15 min. This was not sufficient to cause any significant alteration to any nest's habitat, but it does suggest that at least some form of fire-induced advective flows can occur even during a much less extreme fire. Furthermore, it also confirms that investigations of soil CO 2 during fires are valuable in their own right quite aside from fire-induced transport mechanisms. (Note: Engstrom [2010] explores other immediate effects of fires on soil fauna and the long-term impact that first-order fire effects can have on faunal habitat.)
Both the soil moisture data ( Figure 5 ) and the CO 2 data (Figure 6 ) suggest the notion that including fire-induced advective flows in models of soil energy and mass transport should improve their performance. But to accomplish this is more easily said than done. The key issues of course are how to measure this hypothesized (3-dimensional) fire-induced velocity field in the soil and how to formulate a model of such a field. There are two approaches that come to mind. The first is to assume that CO 2 behaves as a passive tracer on relatively short time scales and estimate the vertical and horizontal velocities needed to produce the observed increases in the soil CO 2 . (Note: We are not proposing to deal with any specific details of the velocity field here. Rather, we wish only to suggest possible methods that offer some potential for observationally inferring important aspects of the fire-induced velocity field.) But a tracer-based method need not be limited to CO 2 ; there are other gaseous species, or even isotopes of H 2 O and CO 2 , that would likely prove useful for this approach. Second, if the fire-induced currents are strong enough, then the associated differential pressure fields, particularly those within the soil, may be amenable to detection. The velocity field could then be inferred from the measured pressure gradients and knowledge of the soil's permeability using Darcy's law (see Scanlon et al. 2000 for a discussion of Darcy's law). Detecting small pressure differences is not only possible with current technology, but such pressure forces have been used as the basis for modeling temporal variations in wintertime soil and snowpack CO 2 (e.g., Massman 2006) .
A better understanding of advective flows in soils during fires should improve models of soil moisture transport during fires and improve the predictability of the soil moisture distribution after the fire. It could also improve the predictability of the formation of the within-soil hydrophobic layer, which is discussed next.
Hydrophobicity: A Physiochemical Mass Transport Phenomenon
Conceptually, the physical processes governing the fire-related VTCV process for soil moisture are, in broad terms, the same as those governing the formation of the fire-induced hydrophobic layer (FIHL). But the goal of modeling fire-induced hydrophobicity is not the transport phenomenon itself, but the depth at which a FIHL is likely to form and possibly some measure of the strength or quality of the FIHL as well. But, before this is possible, much more must be known about the specific compounds that form such layers. These compounds have been hypothesized to belong to the family of aliphatic hydrocarbons (Doerr et al. 2000) , and studies have attempted to identify some of the compounds that constitute the FIHL (e.g., Hudson et al. 1994, Horne and McIntosh 2000) . Only recently has convincing evidence been found that suggests that the FIHL includes aliphatic structures (Simkovic et al. 2008) . Unfortunately, without knowledge of the volatilization or condensation temperatures of the specific compounds involved, it is likely to prove difficult to predict the depth of the formation of the FIHL very precisely.
Nevertheless, there is a significant empirical body of knowledge concerning the FIHL. For example, it is known that, below a minimum temperature of 176 °C, a soil FIHL will not form; that heating a soil to temperatures above 288 °C will destroy the hydrophobic layer (DeBano et al. 1998) ; and that a FIHL is a transient phenomenon (Doerr et al. 2000 , Mac Donald and Huffman 2004 , Certini 2005 , which rarely forms below 0.08 m (Henderson and Golding 1983 , Robichaud and Hungerford 2000 , Huffman et al. 2001 . On the other hand, heating soil above the minimum temperature does not guarantee the formation of a FIHL because not all ecosystems or forest types will necessarily form a FIHL when burned (e.g., Boerner 2006) . Furthermore, the amount of soil moisture present during a fire can also impact the formation of a FIHL (e.g., Robichaud and Hungerford 2000, Luce 2005) , with higher soil moisture amounts tending to discourage the formation of the FIHL. Clearly, this association between the amount of soil moisture present at the time of a fire and the formation of the FIHL suggests that a model of the FIHL must be coupled to any VTCV soil moisture model. This, in turn, introduces other complications for a processed-based model of first-order fire effects because the physiochemical interactions between the hydrophobicity-forming compounds, the soil moisture, and their respective vapors are not known (Doerr et al. 2000) . Without a better understanding of these physiochemical processes, developing a processbased model to estimate where a FIHL layer will form and how long it may persist in any particular climate or ecosystem is not likely.
In addition to the fire-induced transport and physiochemical complexities involved with modeling the FIHL, there may yet be a third important dynamic process involved. Hudson et al. (1994) suggested that qualitative differences in hydrophobic layers (at a particular site) may in part be due to physical or structural differences in the soil (at that same site). Because it is reasonable to assume that at least some aspect of soil structure is involved with the formation of the FIHL and that fire can alter soil structure, it therefore follows that the fire-induced changes in soil structure may have a significant impact on the formation or suppression of the FIHL. This possibility yields the following hypothesis: that the fire may alter the physical arrangement of the soil particulate surfaces so as to enhance or suppress the condensation of the organic vapors responsible for the formation of the FIHL. Furthermore, these changes in soil structure may be independent of or coupled to the formation of the FIHL itself. In general, not a lot is known about the nature of fire-induced changes to soil structure. Nevertheless, this is an important first-order fire effect with potentially long-term implications for the soil microclimate and so is discussed in greater detail in the next section.
Despite these serious handicaps to a process-based model, it still may be possible to address some of these complex (FIHL) issues and to improve the empirical data base relating to FIHLs by performing more detailed studies of the FIHL in conjunction with heavily instrumented slash-pile burns similar to that discussed in Figures 2, 3 , 5, and 6. Much of the technology and capability for such in situ studies of the FIHL are readily available, as attested by the many studies previously cited in this section.
Effects of Heating on Soil Structural and Physical Properties: Dynamic Feedbacks
Fire can cause significant changes to soil structure (Dyrness and Youngberg 1957) . In particular, with the loss of soil organic matter, the soil aggregate stability is compromised, the contact surfaces between the soil particles change, and the bulk density usually increases, resulting in a corresponding decrease in soil porosity (Badia and Marti 2003 , Seymour and Tecle 2004 , DeBano et al. 2005 . In turn, such structural changes alter the soil porous environment and make it more difficult for water to penetrate the soil, which like the FIHL, will increase the soil's susceptibility to water and wind erosion (DeBano et al. 1998 , Ravi et al. 2006 .
In addition to these well known consequences to fire-induced structural changes, there is also another less well known consequence. With an increase in soil bulk density, the soil thermal conductivity is also likely to increase (e.g., Farouki 1986), which presumably results from the increase in the contact surfaces area of the soil particles associated with the increase in soil bulk density. But this change in thermal conductivity indicates that the fire-associated heat pulse has the potential to dynamically interact with the soil structure to create conditions that allow the heat pulse to penetrate deeper into the soil than would have occurred without a change in bulk density. At present, no first-order fire effects model includes this dynamic positive feedback between the heat pulse and soil structure. This feedback is different from the positive feedback associated with the increase in the soil's thermal conductivity as the soil temperature rises or the negative feedback in the soil's thermal conductivity as the soil moisture decreases, both of which are included in current first-order fire effects models (Campbell et al. 1994 , Campbell et al. 1995 , Massman and Frank 2004 ).
Yet there may be a second, previously unknown, dynamic feedback between the soil structure and fire-associated heat pulse. Massman et al. (2007) found the thermal conductivity of soil at two slash-pile burn sites (at Manitou Experimental Forest [MEF], Central Rocky Mountains of Colorado, USA) was affected for years after a burn, even without a detectable change in soil bulk density. Specifically, they found that the relationship between soil thermal conductivity and soil water content can be drastically altered as a result of a slash-pile fire, such that a dry soil will conduct much more heat than it would have before the burn and that the same soil when wet will conduct less heat than it would have pre-burn. Mass-man et al. (2007) demonstrated that such a change in thermal conductivity could have rather profound effects on post-fire climatically-driven soil heat flow and hypothesized that the intense heating of the soil during the burn must have altered the soil structure.
Figures 7 and 8 provide some of the first photographic indication of this possible alteration of soil structure. These figures were obtained with a microscale X-ray computed tomography scanner from soil samples procured about four years after the burn from soil beneath the second of two slash-pile burns and from the untreated control area. For the purposes of the present discussion, the control sample is considered a surrogate for the burn area soil before the slash-pile burn. Comparing these "before" and "after" images illustrates the gross changes in the pore structure associated with the fire. In particular, the mean pore size after the fire appears to have been significantly reduced to a scale below the resolution of the images (1 pixel = 18 µm) and certainly well below what it was before the burn. This is displayed in both the horizontal (Figure 7 ) and vertical (Figure 8) orientations.
The exact nature of this structural change is not understood and is still being investigated. Consequently, it is possible that such changes are unique to MEF soils. These soils, except for a few that are derived from red arkosic sandstone, are all derived from biotite granite and associated igneous rocks of the Pikes Peak batholith. Previous grazing and mechanical harvesting throughout the area has resulted in a moderately disturbed soil. The particular soil shown in these two figures is a deep (>1.0 m), fine-loamy, mixed, frigid Pachic Argiustoll, and is typical of soils throughout the experimental area and are approximately 66 % sand, 21 % silt, and 13 % clay. Soil organic material comprises about 1 % to 2 % of the soil by volume. The bulk densities in the general area of the burn increase with depth and range between 1.1 Mg m -3 and 1.5 Mg m -3 . Yet despite the possible uniqueness of the MEF soils and the small sample size (n = 1), it is The figure on the right is also a horizontal cross section corresponding to the same depth, but was obtained from a sample of the soil beneath the slash-pile burn. The diameter of each sample is about 36 mm and each image has a pixel resolution of 18 μm. still valuable to explore possible causes and consequences of this apparent change in the structure.
Because many of the soil particles are decomposing granite, one general hypothesis for the cause of this change is that the particles may have fractured (or disintegrated) into smaller particles during the burn, thereby changing the particle size and pore structure of the soil. There are at least two specific soil heat-mediated mineralogical changes that are consistent with this hypothesis. First, the loss of hydroxyl water from clay minerals, which occurs at somewhere between 300 °C (Arocena and Opio 2003) and 420 °C (Walker et al. 1986) , might promote such disintegration. For example, Arocena and Opio (2003) suggested that this process was responsible for the reduction of sand-sized amphibole into silt-sized or finer soil particles during a slash-pile burn in British Columbia, Canada. The second change is the disintegration of kaolinized feldspar grains (e.g., Ulery and Graham 1993) . But this latter process requires temperatures exceeding 500 °C, which were not observed in the soil during the MEF burn (see Massman et al. 2007) . Nevertheless, such a heating induced fracturing is consistent with Figure 7 by an "infilling" of the pore space with fine soil matrix recorded primarily in the middle of the core. If so, then the resulting smaller soil particles are likely to be in much better contact after the fire than before and consequently the thermal conductivity of the dry soil would be greater after the fire than before (as was observed). The observed reduction in the thermal conductivity of a moist post-burn soil (vs. a moist pre-burn soil) is more difficult to intuit from these photographs. One possibility is that the pore connectivity may also have changed so that a contiguous (water-filled pore) path is more difficult to form in the post-burn soil. This is again in agreement with Figure 8 where in the control image most of the pore space appears connected at this high resolution, whereas for the burned area sample, only a small number of isolated pore networks are connected vertically. In turn, this might implicate the formation of a hydrophobic layer within the soil, which can influence the thermal conductivity of a heated wet soil (Ju et al. 2008) .
Nevertheless, since this change appears to have taken place during the burn and is a result of the burn itself means that it represents a dynamic feedback between the heat pulse and the soil that enhances or augments the impact of the burn on the soils. These "before" and "after" soil structures are so significantly different that one can only assume a profound fire-induced affect on the thermal and hydraulic properties of the soil has taken place. Moreover, this feedback is potentially coupled to more than the heat pulse and the thermal conductivity because, as discussed in the previous section and as can be inferred from Figures 7 and 8, the transport properties of the soil may also have been significantly (and possibility permanently) altered by the fire. If so (and to reiterate), then the feedback between the transport of gases and chemicals through the soil during the fire can have important consequences to the formation of the FIHL as well.
Understanding this and the other (previously mentioned) feedback phenomena is important for improving first-order fire effects models. These feedback processes clearly indicate that the fire-associated heat pulse dynamically interacts with the soil to create positive feedback conditions, which augment the heat pulse's ability to penetrate the soil and which dynamically alters the soil's ability to transport chemicals and gases during the fire. None of these dynamic feedbacks have ever been included in a soil heating model. Although observational studies of any of these dynamic feedback processes during a wildfire or a slash-pile burn are probably not possible with current technology, the emerging use of X-ray computed tomography to visualize the internal structure of undisturbed soil samples (e.g., Mooney et al. 2006) , as demonstrated here in Figures 7 and 8 , suggests that further effort and analysis in future studies could be worthwhile. Accompanying these changes in soil structure and mineralogy are changes in soil chemistry, which is discussed in the next and last section.
Effects of Heating on Soil Nutrient Status and Soil Chemistry
By changing the chemical composition of the soil, fire impacts the availability of many soil nutrients to soil biota and can fundamentally alter soil nutrient cycling (e.g., Raison et al. 1985 , DeBano et al. 1998 , Gray and Dighton 2006 , Jimenez Esquilin et al. 2007 ). Although there is a large number of soil nutrients, the three that are particularly important are nitrogen, phosphorus, and potassium and, in very general terms, losses of these and other soil nutrients increase with increasing fire severity (e.g., Figure 1 ). Consequently, as soil heating increases, the probability that fire will detrimentally impact soil nutrient cycling and soil productivity also increases (Jimenez Esquilin et al. 2007) .
During a fire, soil nutrient loss occurs by two transport processes: 1) transport of the volatilized compounds containing those nutrients by both molecular diffusion and the fireinduced soil and atmospheric air currents, and 2) the transport of particulates away from the area of the burn. The priority for improving first-order fire effects models (at least for moderate to severe fires) could easily be the development of algorithms quantifying the oxidation and transport of phosphorus and phosphate compounds. In general terms, fire effects on soil P and P availability are likely quite complex (e.g., Murphy et al. 2006) . But for some soils and fires, phosphorus is relatively easily lost by these transport processes and is generally slow to recover by natural processes after a fire (Raison et al. 1985) . In addition, because the processes associated with post-fire recovery of soil phosphorus are aided somewhat by any remaining ash (because ash particles usually are a source of some phosphorus) (Raison et al. 1985) , model improvements could also be made by the ability to predict amounts of post-fire ash left on the soil surface. Consequently, any improvements to phosphorus chemistry and transport and ash formation that can be made to current modeling capabilities would improve our ability to quantify the fire-caused loss of soil productivity as well.
Clearly, the same conclusions and recommendations about phosphorus can also be made about the other soil nutrients, nitrogen, potassium, sulphur, etc.; it is simply a matter of how hot the soil is heated (Figure 1 ). Consequently, the key to minimizing the impacts on soil nutrient status of slash-pile burns for certain, and possibly prescribed burns as well, is to minimize the soil temperatures during the burn. This suggests that empirical studies should be made of the soil heating associated with different geometrical arrangements and amounts of fuels in order to find an optimum amount and geometric arrangement of the fuel loading that will minimize the soil heating. Such studies should include investigations of post-burn soil nutrient status as well.
conclUsions: improvements in process-BAsed models of soil heAting Using cUrrent technology
Several improvements in current processbased models of soil heating during fires are possible with current technology but, as we have argued here, should be based on increasing the observational data base. First, modeling the fire-induced soil heat pulse could probably be improved with more measurements of the soil radiation and conductive heat fluxes during fires (probably using slash-pile and prescribed burns). This should lead to improved parameterizations of model forcing functions and upper boundary conditions. Second, including the dynamic feedback processes between the soil structure and the fire-induced heat pulse should improve simulations of the depth of penetration of fire-associated heat pulse. This will require photomicrographic and other detailed studies of the vertical structure of the soil physical and thermal properties before and after fires. Third, developing and verifying algorithms to describe fire-induced advective flows in soils should improve not only the reliability of the soil heat pulse predictions, but also should improve predictions of the vaporization, transport, and condensation of soil moisture and the formation of the fire-induced hydrophobic layer. Studies of advective transport may require soil tracer releases or studies of soil CO 2 amounts (and possibly isotopes) during slash-pile burns. They could be aided by photomicrographic studies of the structure of the fire-induced hydrophobic layer as well. Fourth, improved understanding of the physiochemical and transport processes of key soil nutrients should improve the ability to predict and maybe minimize changes in soil nutrient status. Such studies can also be performed using experimental slash-pile and prescribed burns. 
